PURPOSE. To image and analyze anatomical differences at the temporal raphe between normal and glaucomatous eyes using adaptive optics scanning laser ophthalmoscopy (AOSLO) and optical coherence tomography (OCT), and to relate these differences to visual field measurements.
G laucoma is a group of blinding optic neuropathies that represent a major irreversible cause of vision loss in the elderly. The disease is characterized by damage to the ganglion cells and their axons and a resulting thinning of the retinal nerve fiber layer (RNFL) and cupping of the optic disc. The damage leads to a related loss in visual function.
Because the vision loss resulting from glaucoma is irreversible, it is important to detect glaucoma in its early stages and to carefully monitor status as the disease progresses. In practice, this requires both functional and structural measurements. The current ''gold'' standard for testing visual function is visual field testing performed using static automated perimetry (SAP). For a given eye, visual sensitivity is measured at discrete retinal locations, and compared with normative values. As glaucoma progresses, the visual defects often appear in certain distinct locations; for instance, arcuate defects, paracentral scotomas, and nasal steps. A major disadvantage of visual field testing is that there is large individual variability, [1] [2] [3] and this variability, because it lowers the sensitivity for detecting glaucoma, has led to an increased emphasis on measurements of changes to retinal structure as a complement to visual field testing.
Traditionally, structural measures of glaucomatous damage relied on fundus cameras and confocal scanning laser ophthalmoscopy (SLO) for evaluating the optic disc and imaging RNFL defects, [4] [5] [6] [7] [8] [9] [10] and scanning laser polarimetry for evaluation of the peripapillary RNFL. 11 Recently, optical coherence tomography (OCT) has been increasingly used to detect and monitor glaucomatous damage to the RNFL, 12 because of its high axial resolution and ability to quantify changes in the thickness of individual retinal layers. Another technique that was brought to the retinal imaging field is adaptive optics (AO) imaging, which allows for high-resolution retinal imaging without degradation by ocular aberrations. 13 Adaptive optics retinal imaging has been used for investigation of glaucomatous damage of nerve fiber bundles in human eyes. 14, 15 However, most of current imaging-based measures were applied near the optic disc, where the RNFL is the thickest. Imaging at this location has the advantage that all ganglion cell axons must exit the eye at the optic disc, so the analysis can concentrate on this area and provide a summed measure of the axons. However, it also has the disadvantage that although there are general spatial relations between locations in the visual field and the thickness of the RNFL at particular portions of the optic disc and peripapillary region, there is large individual variability in this relation and so relating a particular structural measurement to a particular region of the visual field can be challenging. [16] [17] [18] [19] [20] [21] [22] [23] An apparent solution is to look at structural changes to the RNFL closer to the locations of the measured visual field defects. One portion of the retina where this becomes possible is near the temporal raphe in the temporal retina. In this region, the ganglion cell axons are first incorporated into axon bundles, and then course across the retina toward the optic disc. For eccentricities approximately 98 temporal to the fovea, the ganglion cells have relatively small displacement from the position of their cone inner segments, and thus there is a close spatial relation between the local sensitivity and the local RNFL. 24, 25 This region also has an advantage for studying the relation of early structural and functional loss because the raphe region is believed to be one of the major sites where early visual function abnormalities appear. [26] [27] [28] [29] Unfortunately most clinical techniques cannot measure the RNFL reliably near the raphe because the RNFL is relatively thin and has low contrast. In the past few years, efforts have been made to image and measure the RNFL in this region using high-resolution imaging techniques. In particular, the AO scanning laser ophthalmoscope (AOSLO) has demonstrated the ability to image the temporal raphe in healthy young subjects. 30, 31 Similarly, the latest OCT techniques have been demonstrated to image the temporal raphe. 32 The current study used an AOSLO to measure en face structure of the RNFL near the raphe and a commercial OCT to measure the thickness of the RNFL and ganglion cell complex (GCC) in the same region, and related these measurements to visual sensitivity as measured using SAP in patients with glaucoma and healthy control subjects.
METHODS Subjects
For the current study, we selected 9 glaucomatous eyes of 9 patients (54-78 years old, mean 65.6 years, SD 6.7; four men and five women) and 10 control eyes of 10 age-similar subjects (54-81 years, mean 66.3 years old, SD 6.8; five men and five women). All these subjects were drawn from the subject pool of a recently completed multicenter glaucoma longitudinal study, 33 which adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review boards at SUNY College of Optometry and at Indiana University. Common inclusion criteria for both groups were the following: best corrected visual acuity of 20/20 or better (20/25 for subjects older than 70), spherical equivalent within À6 diopters (D) to þ2 D, cylinder correction less than 3 D, absence of known ocular or systemic disease known to affect the visual field (except for glaucoma in the patient group), and history of reliable visual fields. Common exclusion criteria for both groups were failure of pupil dilation, significant cataract, or inability to stably fixate for OCT or AOSLO imaging.
All patients had abnormal-appearing discs consistent with glaucoma, both on clinical examinations and OCT images. Among these nine glaucomatous eyes, seven eyes had asymmetric visual field sensitivity loss across the horizontal midline in the nasal field and two eyes had no visual field loss in the nasal field. The mean deviation of visual field (MD) ranged from À5.03 dB to À0.20 dB (mean À1.88 6 1.64 dB) in the glaucoma group, and ranged from À1.13 dB to þ1.39 dB (mean 0.03 6 0.64 dB) in the control group (see Supplementary Appendix). The vertical cup/disc ratio was 0.40 to 0.74 (mean 0.49 6 0.14) in the patient group, and 0.23 to 0.47 (mean 0.39 6 0.09) in the control group. The mean axial length was 22.89 to 26.16 mm (mean 25.1 6 1.4 mm) in the patient group, and 22.88 to 25.98 mm (mean 24.5 6 1.2 mm) in the control group.
All subjects went through a full eye examination by an ophthalmologist before the imaging sessions. Consent forms were signed by each subject, after a full explanation of procedures and consequences of this study. All studied eyes were dilated using 0.5% tropicamide. The study protocol was approved by Indiana University Institutional Review Board and is in accordance with the Declaration of Helsinki.
The Indiana AOSLO With Clinical Planning Module
The wide-field AOSLO equipped with a clinical planning module 30 has been presented previously. In brief, the AOSLO used a super-continuum laser source (NKT Photonics, Birkerød, Denmark) as the illumination source, which can provide imaging wavelengths from 450 to 900 nm, although we only used 820 to 840 nm in this study. The AOSLO uses two deformable mirrors and a wave-front sensor to correct ocular monochromatic aberrations in a close-loop feedback system. The imaging field is approximately 28 3 1.88 and can be steered over at least 208 on the retina. A digital projector was incorporated in the system to provide a programmable fixation target for subjects. To image retinal regions larger than 28 3 1.88, it is necessary to steer the AOSLO imaging beam across the retina, acquiring sequential video images at multiple positions to cover the area of interest.
Procedures
Imaging. An imaging session consisted of three portions. First, the axial length was measured with an IOLMaster (Carl Zeiss Meditec, Dublin, CA, USA). Second, the eye was imaged with a Heidelberg Spectralis SLO/OCT system (Heidelberg Engineering, Heidelberg, Germany), and, third, the eye was imaged with the AOSLO.
For SLO/OCT imaging, we first obtained 308 3 308 SLO images with the Spectralis, which are centered at the fovea and at approximately 128 temporal to the fovea, respectively. These two images were used to construct a mosaic fundus image using the Heidelberg built-in software, as indicated in Figure 1 . Then, we performed OCT imaging in the temporal retina and macular region. For the temporal retina, the OCT imaging field size was 158 horizontally by 158 vertically, and the imaging field was centered at approximately 128 temporal to the fovea. Each B-scan was oriented in the vertical direction. The distance between adjacent B-scans was 60 lm. The macular region was imaged using two perpendicular OCT volume scans to allow accurate localization of the fovea. The first used vertical B- scans and the other had horizontal B-scans. The scanning size was 158 3 58. Adjacent B-scans were separated by 30 lm. Imaging locations for OCT are indicated in Figure 1 .
For AOSLO imaging, the imaging region was centered approximately 98 temporal to the fovea, and the size of the region was at least 108 vertically by 48 horizontally. For each imaging field location, the AOSLO collected 75 images at a 30-Hz frame rate. The adjacent fields had approximately 0.58 or more of overlap. Subjects were allowed to take breaks during imaging. The whole procedure for AOSLO imaging including the subject's break time took between 20 and 50 minutes depending on the subject.
Postprocessing of AOSLO Images and Formation of Montages. Removal of eye movements and averaging of video frames were performed in MATLAB (The Mathworks, Inc., Natick, MA, USA). Montages were then created manually using Photoshop CS6 (Adobe Systems, Inc., San Jose, CA, USA). Images from spatially adjacent regions were first aligned. Then, for each raw montage, we adjusted the brightness of images to match neighboring images visually, using a Photoshop built-in brightness adjustment, which is a linear process. Finally, we used Photoshop to manually register the resulting AOSLO montage with the wide-field SLO image acquired by the Spectralis (see Figs. 2a, 2b) .
Alignments Between the AOSLO, OCT, and Visual Field. To compare outcomes that were acquired from these three techniques, it was necessary to set up a common coordinate system. This was performed in two steps. First, the fovea was identified in SLO/OCT images. Using the horizontal and vertical OCT cross sections of the fovea, we identified the center of the foveal depression and referred this to the SLO image using Heidelberg's built-in OCT/SLO display. Next, we assumed that the horizontal scan of the OCT/SLO corresponded to the horizontal axis of the visual field, and thus we could equate the visual field location to the OCT/SLO images and measurements. The AOSLO montages had been registered to SLO images and thus can be related to the visual field locations by using SLO images as bridges.
Regions/Locations of Measurements. For visual fields, we selected the one at 98 nasal, 38 superior field, and the one at 98 nasal, 38 inferior field for analysis. For each AOSLO montage, we picked two regions that are central to these two visual field locations respectively. The size of each region was set as approximately 2 3 2 degrees. For OCT B-scan images that were across each region, we selected one image that is closest to the center of the region, and on each side of this image, we selected one image that was approximately 180 lm away. The parts of these three OCT images that fall in the region were used for further analysis.
Quantitative Measurements
Measurement of the Raphe Gap. For each RNFL AOSLO montage, we manually measured the raphe gap defined as the vertical distance between the boundaries of visible superior and inferior nerve fiber bundles. Specifically, for each side of the raphe (superior or inferior), a grader, masked to all relevant clinical information including all visual field reports and diagnostic reports, identified the three longest bundles that could be observed in the montage. Then, the tip of each bundle was marked, and their averaged vertical position was used as the boundary for the side. The raphe gap of a given eccentricity was then computed as the mean vertical distance between the superior and inferior bundle boundaries at that eccentricity (e.g., Fig. 3 ). To compare data across subjects, distances were adjusted for individual differences in axial length, according to the Gullstrand model eye. To improve the reliability of the grading we had two graders independently make these measurements and used the averaged results. Note that the measured raphe gap may not necessarily represent a region totally lacking bundles and axons. The diameters of ganglion cell axons in the RNFL can range from 0.1 lm to more than 2 lm, 34, 35 and thus axons and bundles could be unrecognizable in AOSLO images. Thus, the measured gap could contain axons too small to be resolved. That is, our measurements could be larger than the ''true gap'' lacking any bundles; however, this same limitation is present for both glaucomatous and control eyes, assuming the optics and other aspects controlling the contrast of images are similar and are independent of glaucoma.
Measurement of Bundle Reflectivity and Density by Bundle Index. To evaluate the reflectivity and density of RNFL bundles, we developed an image descriptor we named the ''bundle index.'' The bundle index captures the response of steerable first-order Gaussian derivative filters 36 (see Fig. 4 ). These filters are designed for extracting oriented edge contrast in an image and thus are suitable to extract the relative reflectivity of oriented RNFL bundle patterns by computing the contrast between the bundle area and its adjacent nonbundle area. Information about density of RNFL bundles can be incorporated by integrating these filters' responses over a larger region.
Although absolute reflectivity seems a more direct descriptor for bundles, in practice the absolute reflectivity would be affected by a number of factors that are difficult to control during imaging. Two obvious factors are media clarity in aging eyes and illumination power difference between different imaging sessions. In contrast, relative reflectivity has the advantage that it essentially normalizes for some of these individual sources of variation, by comparing the relative reflectivity of bundles with adjacent nonbundle areas. If we assume that nonbundle regions are not affected by glaucoma, then relative reflectivity is directly related to absolute reflectivity of bundles.
For a given RNFL region in AOSLO montages, we computed a bundle index in MATLAB using the following six steps. First, we created a set of steerable first-order two-dimensional Gaussian filters containing 12 orientations (0 to 1658 in 158 steps) at each of 15 spatial scales. The size of the filter is defined as the distance between the pixel of the most positive intensity and the pixel of the most negative intensity. The spatial scales of the filters were varied such that the size of the filters ranged from 8 to 22 lm in 1 lm steps. Second, each set of filters was then convolved with the RNFL region, generating a filter response series for each pixel. Normalization was performed by dividing pixel responses over the averaged intensity of the local region that the filter was convolved with. Third, pixels containing blood vessels or on boundaries between neighboring images were manually marked as invalid. Correspondingly, the filter responses obtained in the previous step in which these invalid pixels were involved were also marked as invalid to reduce responses that are irrelevant to bundles. For image boundaries, the responses are high because we manually adjusted image brightness during montage construction, and therefore the brightness transition between neighboring images could be unsmooth, forming artificial contrast and high filter responses. Fourth, the response at each orientation for the whole region was then computed by averaging the responses of that orientation from all valid pixels within the region. Fifth, the bundle index for each size of filter was computed as the absolute difference between maximum and minimum orientation responses of that given size of filter. Sixth, the maximum bundle index across filter sizes was then used as the bundle index for the region. highly reflective bundles and the other with barely visible bundles.
Measurement of RNFL and GCC Thickness. For a given region in an OCT B-scan image, the boundaries of the RNFL and GCC were identified manually. The thickness of the RNFL and GCC for the region were then computed and averaged. To improve the reliability of measurements, we had two graders independently make the segmentation and averaged the results.
Visual Field. For the 24-2 visual field, two test locations fall on the region that was imaged using the AOSLO imaging: the one at 98 nasal, 38 superior field, and the one at 98 nasal, 38 inferior field.
For each subject, we computed total deviation (TD) for each of these two test locations by averaging the TDs for that location from three visual field tests over an interval of approximately 6 months. To compare the field loss with the raphe gap, we further averaged the values of these two test locations for each studied eye because only one raphe gap was obtained for the corresponding region. In particular, for each studied eye, the antilog values of TD for these two locations were averaged, and then logged. This logged value was defined as averaged field loss. This computation was consistent with how other studies calculated averaged TD over regions.
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Statistics
We used both unpaired t-tests and Mann-Whitney U tests to compare the bundle index, RNFL thickness, GCC thickness, and raphe gap between the patients and controls. To minimize Type 1 errors when using multiple tests, a P value of 0.0125 was used for statistical significance. Two-way random intraclass correlation coefficient (ICC) with absolute agreement was used to assess the reliability of measurements of RNFL thickness, GCC thickness, as well as raphe gap. 41 
RESULTS
Difference in RNFL Appearance Between Glaucomatous and Control Eyes
The appearance of the RNFL differed between control and glaucomatous eyes. In control eyes, nerve fiber bundles were highly reflective and readily distinguished from the spaces between bundles. In contrast, bundles in glaucomatous eyes were often less crisp in appearance and the boundaries with the spaces between bundles were less sharply defined. The raphe gap in glaucomatous eyes appeared different from control subjects, with a notable lack of nerve fiber bundles near the raphe, although they could often be seen further from the raphe (Fig. 5) . Within the raphe gap, we did not see any reflective source, other than blood vessels, that showed reflectance comparable to the reflectance of bundles.
Quantitative Differences Between Glaucomatous and Control Eyes
The averaged field loss, which is the average of the total six visual field points in three visual field reports, as defined above, was lower in the patient group than in the control group (À1.48 6 1.13 dB, as opposed to 0.18 6 0.65 dB; t-test P ¼ 0.002, Mann-Whitney U test P ¼ 0.005). The raphe gap was larger in glaucomatous eyes than control eyes (585.1 6 281.3 lm versus 230.8 6 107.2 lm; t-test P < 0.0001, Mann-Whitney U test P ¼ 0.001). The bundle index was smaller in glaucomatous eyes than control eyes (2.8 6 1.9 versus 4.9 6 1.9; t-test P ¼ 0.0025, Mann-Whitney U test P ¼ 0.004). The RNFL thickness as measured with OCT was thinner in glaucomatous eyes than control eyes (20.38 6 5.24 lm versus 23.324 6 3.07 lm; t-test P ¼ 0.032, Mann-Whitney U test P ¼ 0.087). The GCC thickness was thinner in glaucomatous eyes than controls (68.56 6 25.20 lm versus 80.16 6 18.28 lm; ttest P < 0.0001, Mann-Whitney U test P ¼ 0.0001). The ICC was 0.96 (95% confidence interval [CI] 0.88-0.98) for measurements of raphe gap, 0.73 (95% CI 0.53-0.85) for measurements of RNFL thickness, and 0.95 (95% CI 0.90-0.97) for measurements of GCC thickness. The mean measurement difference between the two graders was 4.52 6 44.71 lm for measurements of the raphe gap, 0.04 6 0.84 lm for RNFL thickness, and 0.13 6 0.81 lm for GCC thickness.
The raphe gap was larger for patients with greater field loss, as shown in Figure 6a . Eight of nine eyes showed larger raphe gaps than all the control eyes. The bundle index, RNFL thickness, and GCC thickness exhibit large individual variability between subjects, as shown in Figures 6b through 6d. For two glaucomatous eyes with more than À5 dB TD, results of all these measurements were smaller than ones for all other glaucomatous eyes as well as control eyes.
DISCUSSION
The results of the study provide evidence that structural changes occur to the temporal raphe even when local functional loss is mild. Although the decreased bundle index taken alone could be explained by either decreased reflectivity or low density of remaining bundles, the enlarged raphe gap and reduced GCC thickness suggest that there is a loss of the bundles and ganglion cells in this area. More importantly, we found statistically significant differences in three of four measurements, even when the local TD of the field sensitivity was relatively small and subject number for the study was small. In particular, the enlarged raphe gap was found in eight of nine glaucomatous eyes with local averaged field loss no worse than À3.5 dB.
Finding statistically differences between these two small groups can be partially attributed to the fact that ganglion cell axons are close to their cell bodies in the temporal raphe, and therefore visual field sensitivities can be mapped more accurately to the RNFL arising from ganglion cells with receptive fields in this region and have more direct relation to structural changes.
The three measurements that showed statistically significant differences between control and patient groups each have their own strengths and weakness. The lack of detectable nonvessel residual tissue within the increased raphe gap suggests that measuring the raphe gap in en face plane is relatively insensitive to effects of RNFL remnants. It has been shown that, for eyes under conditions of severe field loss, the residual RNFL thicknesses in the peripapillary region were still approximately 33% or more of the mean values for healthy eyes, 40 and showed considerable variation between individu- Red boxes indicate testing locations that fall within the region of the AOSLO imaging. For the control, the averaged TD over three reports (visits) was À0.67 dB at 98 nasal, 38 superior field, and À1 dB at 98 nasal, 38 inferior field. For the patient, the corresponding averaged TD over three reports (visits) was À2.33 dB at 98 nasal, 38 superior field, and À0.33 dB at 98 nasal, 38 inferior field.
als. This could further complicate the evaluation of loss in RNFL thickness around the optic disc in patients with glaucoma. In contrast, this did not become a challenge for evaluation of the raphe gap. Although there are various possible reasons for this, we suggest that the RNFL in the temporal raphe, which is thinner than in most of the retina, has a lower requirement for the support from glial cells. This can be supported by the histological finding that astrocytes, which are a major glial component of RNFL bundles, [42] [43] [44] [45] were found at high density near the optic disc region, and their density fell when the RNFL becomes thin. 44, 46, 47 In contrast to the raphe gap, which describes only one property of the RNFL, the bundle index combines multiple properties of the RNFL into only one number. This is because theoretically the AOSLO with a proper optical configuration can achieve an axial resolution of approximately 50 to 75 lm. 48, 49 This axial range is slightly larger than or equal to the RNFL thickness in this region. As a result, pixels in AOSLO images may contain information about both bundle intrinsic properties and bundle density along the depth. During bundle index computation, we integrated filter responses over a region, which further incorporated information on en face bundle density, providing us with a descriptor that, while localized, still incorporated information averaged over a region of RNFL in all three dimensions. An obvious tradeoff for this measurement is that we are not able to decouple changes in individual properties of the RNFL. Future studies are needed to explore the optimal use of the index.
Compared with the first two measurements that reflect changes only in the RNFL, the measurement of the GCC adds information about ganglion cells and has potential to explore how ganglion cells are affected in this region in future studies.
Compared with the GCC measurement, measuring the thickness of the RNFL is relatively challenging. The RNFL thickness corresponded to only 4 to 8 pixels in OCT images of the control group, and the averaged thickness difference between the two groups was only approximately 4 lm, which was equivalent to approximately 1 pixel in images. Therefore RNFL thickness measurements exhibited a limited dynamic range. Even worse, the contrast of the RNFL layer relative to ganglion cell layer was low, which further increases the difficulty of RNFL segmentation. To increase the accuracy of measuring RNFL thickness changes, an OCT imaging system with higher axial resolution is necessary.
The between-subject variability of the bundle index as well as RNFL and GCC thickness in our control group was large. This could be partially attributed to the fact that we compared locations at equal distances above and below the horizontal midline of the retina, but there is considerable between-subject variability in how far the raphe deviates from the horizontal midline of the retina. 31, 32 Future studies are warranted to investigate how the raphe's deviation from the horizontal midline affects the variability of the measurements. Our study was restricted to only a small portion of the raphe due to the small imaging fields of the current AOSLO. This could be improved by using an AOSLO with larger field. 50 Also, it is worth pointing out that AOSLO is not the only means to image the RNFL in the raphe. The improved en face OCT technique is able to extract en face information of the temporal raphe, 32 although en face resolution of OCT is lower than AOSLO. Future research is needed to explore and compare the capabilities of both imaging approaches for glaucoma assessment.
In conclusion, structural changes occur to the temporal raphe even when local functional loss is mild. These changes can be visualized and measured using high-resolution imaging techniques and proper metrics. The study opens the possibility of using the temporal raphe as a site for glaucoma research and clinical assessment.
